processes (photosynthesis, nitrogen fixation, elemental ratios, and community structure). In this review, we examine how pH will change the organic and inorganic speciation of metals in surface ocean waters, and the effect that it will have on the interactions of metals with marine organisms. We consider both kinetic and equilibrium processes. The decrease in concentration of OH -and CO 3 2-ions can affect the solubility, adsorption, toxicity, and rates of redox processes of metals in seawater.
Future studies are needed to examine how pH affects the interactions of metals complexed to organic ligands and with marine organisms.
iNtrOductiON
With continued emissions of anthropogenic CO 2 from the burning of fossil fuels, changing land use, and cement production, the partial pressure of CO 2 (pCO 2 ) in the atmosphere is expected to reach 2000 µatm (Caldeira and Wickett, 2003) in ~ 150 years. As Figure 1 shows, equilibration of atmospheric CO 2 with the surface ocean will decrease the pH of seawater from its current value of 8.1 to 7.4 (Caldeira and Wickett, 2003) . This decrease in pH will result in a reduction in the concentrations of both hydroxide and carbonate (OH -and CO 3 2-) in most natural surface waters ( Figure 2 ).
The decrease in carbonate ion
concentration has spurred considerable work on how it affects the production of calcium carbonate (CaCO 3 ) by calcifying organisms (Orr et al., 2005; Gattuso et al., 1998; Kleypas, et al., 1999; Langdon et al., 2003) . However, few studies have considered the effect that this lower pH will have on the speciation of metals in natural waters (Turner et al., 1981; Byrne et al., 1988; Byrne, 2002) . Both OH -and CO 3 2-form strong complexes in ocean water with metals that are divalent (Baes and Mesmer, 1976; Byrne et al., 1988; Millero and Hawke, 1992) and trivalent (Millero, 1992; Millero et al., 1995; Cantrell and Byrne, 1987; Millero 2001b ). These anions are expected to decrease in surface waters by 82% and 77%, respectively ( Figure 2 ). Such a decrease in these ions is expected to change the speciation of a number of metal ions in seawater (Byrne, 2002; Millero, 2001a,b) .
Metals that form strong complexes with OH -and CO 3 2-will have a higher fraction in their free forms at lower pH.
These changes in speciation will also increase the thermodynamic (Millero, 2001a) and kinetic (Millero, 2001b) activity of the metals. The lower pH will also affect the adsorption of metals to organic material. Most organic particles in seawater are negatively charged.
As pH decreases, the surface sites will become less available to adsorb metals b y F r a N k J . Crist et al., 1988; Wilde et al., 2006) .
M i l l e r O , r ya N W O O S l e y, b e N J a M i N d i t r O l i O , a N d J a S O N Wat e r S
Most metals are more soluble in acidic waters so their concentrations are expected to change as well.
In this review, we examine how the decreasing pH of ocean and estuarine waters affects the interaction of metals in surface waters.
eFFect OF OceaN acidiFicatiON ON iNOrgaNic Metal SpeciatiON
Trace metals in seawater can be classified into five groups according to the dominant inorganic ligand that complexes them (Byrne et al., 1988) : Although the metals in the transition/ mixed category could be placed in the other categories, they are separated because of their unique behavior (Byrne et al., 1988; Byrne, 2002) . Metals that form strong complexes with chloride or are mainly in the free form will not be strongly influenced by a change in pH, but metals that form strong complexes with hydroxide and carbonate will undergo significant changes in speciation as the pH of seawater decreases.
The ionic Pitzer (1991) interaction model can be used to examine the effect of pH on metal speciation Pierrot, 1998, 2002) . The model depends on the stability constants (β) for the formation of complexes in pure water (Millero, 1992; Millero and Hawke, 1992) . For hydroxide, the formations of complexes are expressed as the stepwise hydrolysis of the metal:
where M is the metal, n is the charge (2, 3, or 4), and i is the number of hydroxides (1 to 4). The hydrolysis constants are given by
where brackets denote the concentrations. Because the ratio of total carbonate, [CO 3
2-] T , to free carbonate is constant at a constant salinity and temperature, the formation constant for carbonate complexation can be expressed in terms of the total ion concentration (Byrne et al., 1988; Byrne, 2002) :
where k is the number of carbonate ions.
The stability constants needed for the various metals were taken from literature (Baes and Mesmer, 1976; Cantrell and Byrne, 1987; Byrne et al., 1988; Millero and Hawke, 1992; Millero, 1992 Millero, , 2001a .
A Microsoft Excel program is available to examine the speciation of metal from 0° to 50°C and 0 m to 6 m ionic strength (Millero and Pierrot, 1998, 2002). It should be pointed out that the Pitzer (1991) (Millero and Hawke, 1992; Byrne et al., 1988; Byrne, 2002) and can lead to differences in the calculated speciation of a given metal. The effect of pH on the speciation will not be strongly affected because the changes are largely related to changes in the OH -and CO 3 2-ions. by 2100, the most rapid change will occur over the latter half of this century. (Cantrell and Byrne, 1987) . The pH decrease will cause yttrium to change from a carbonate-dominated metal to a chloride-dominated metal. The free form will increase by about 7%.
The pH of estuarine waters will also be affected by ocean acidification. When seawater of low pH (7.4) mixes with river water of low pH (6) without inorganic carbon, estuarine waters will have a much lower pH that may affect biogeochemical processes in the estuary (Hofmann et al., 2009 ). Metals such as Cu 2+ may be more toxic in these waters. Because the ocean may be a carbonate source for some estuaries, the lower pH of seawater will decrease the available carbonate (Figure 4 ). In these areas, this situation will result in greater speciation changes than those discussed in this paper.
The shift in speciation will also cause a change in the solubility of many metals. This solubility is much higher than in artificial seawater due to the formation of strong organic complexes (Liu and Millero, 2002) . As pH decreases, solubility increases. A decrease in pH from 8.1 to 7.4 will increase the solubility of Fe(III) by about 40%, which could have a large impact on biogeochemical cycles because iron is an important micronutrient (Brand, 1991) . The increased solubility along with changes in kinetics (discussed later) will make iron more available to phytoplankton, which could lead to an increase in primary production (Martin, 1990) . The solubility of Al(III) has not been measured in seawater. However, because aluminum is very strongly hydrolyzed, the solubility should be similar to the solubility in 
eFFect OF OceaN acidiFicatiON ON OrgaNic Metal SpeciatiON
The inorganic speciation of many divalent metals in seawater only affects a small fraction of the total metal. Significant fractions of the total concentrations (most > 99%) of metals such as iron, cobalt, copper, zinc, and lead are in the form of metal-organic complexes (van den Berg, 1984; Hering et al., 1987; Sunda and Hanson, 1987; Coale and Bruland, 1988; Donat and van den Berg, 1992 ). This observation is important, particularly for assessing the bioavailability of metals in the surface ocean. The role of metals in biological processes is quite significant. In the surface ocean, the biochemically significant metals for microorganisms are manganese, iron, nickel, cobalt, copper, zinc, and cadmium (Morel et al., 2003) . (Martin and Fitzwater, 1988; Landry et al., 1998) . Above a certain threshold, unique for each organism and metal, a number of trace metals are toxic. -12 Figure 5 . Solubility of iron(iii) in seawater. From Liu and Millero, 2002 Copper, cadmium, and lead have all been shown to be toxic at sufficient concentrations in the marine environment (Casas and Crecelius, 1994; Paytan et al., 2009) . Ambient trace metal
concentrations in the open ocean are low, and as a result, marine organisms have evolved efficient mechanisms, many of which are yet to be characterized, of concentrating these metals for their needs (Morel et al., 2003) . Thus, small increases in concentration of normally scarce metals often result in toxic effects to organisms unaccustomed to the higher concentrations (Sunda and Huntsman, 1992) . This has been observed with the free form of Cu (II) at concentrations as low as 10 -12 M, which are reported to be toxic to marine phytoplankton (Brand et al., 1986) . It Copper(II): van den Berg, 1982 van den Berg, , 1984 Sunda and Ferguson,1983; Kramer and Duinker, 1984; Sunda et al., 1984; Hering et al., 1987; Moffett and Zika, 1987; Sunda and Hanson, 1987; Coale and Bruland, 1988; Donat and van den Berg, 1992; Croot et al., 1999; Louis et al., 2009 Iron(III): Gledhill and van den Berg, 1994; Rue and Bruland, 1995; Wu and Luther, 1995 Cobalt(II): Zhang et al., 1990; Ellwood and van den Berg, 2001; Saito and Moffett, 2001 Zinc(II) : Bruland, 1989 Cadmium(II) : Bruland, 1992 Lead(II): Capodaglio et al., 1990 Nickel ( Table 2 provides some of the stability constants for the formation of metal organic complexes (Millero, 2001b) .
The fractional composition of a metal complexed by an organic ligand can be assessed by evaluating the conditional ligand-binding constant, K c , for the relevant ligands in solution. For a metal species, M, and a ligand species, L, the relationship to K c is given by:
where the variables x and y are charges on the metal and ligand, respectively, the subscript F denotes that the concentrations of each are free (labile), and n is the number of ligands complexing the metal. As discussed earlier, the inorganic carbonate and hydroxide ligands are pH dependent, and these, as with most of the inorganic metal-ligand complexation constants, can be estimated for seawater.
This allows reasonable estimation of the inorganic form for most natural waters.
Whether the labile fraction of the inorganic metal complexes is available in nutrient form or contributes to a toxic response is difficult to determine and is not consistent for all organisms (Croot et al., 1999) . Metal-organic complexes, however, are for the most part sufficiently strong that this fraction of the total metal concentration is rendered nonlabile and cannot interact with organisms (Schreiber et al., 1985;  table 2. conditional stability constants for metals in seawater (Millero, 2001b )
Zn ( (Dittmar and Paeng, 2009; Sleighter and Hatcher, 2007) . They find that marine organic material has similar properties to the better-characterized metal complexing organics in freshwater systems (Ritchie and Perdue, 2003) . It is highly likely that the marine dissolved organic material that can complex metals will be a func- Between pH 8.1 and 7.4, the concentration of this ligand decreases by 25%.
We used this decrease in concentration of L 1 to estimate the effect of pH on the speciation of Cu(II) in seawater (see Table 3 ). (Gledhill and van den Berg, 1994; Rue and Bruland, 1995; Wu and Luther, 1995) . Because lower pH values increase the solubility of Fe(III) in seawater (Liu and Millero. 2002) , it might be inferred that these Fe(III) organic complexes may also be affected by ocean acidification. More work is needed to determine the effect of pH on other metal organic ligands in seawater.
eFFect OF OceaN acidiFicatiON ON rate prOceSSeS
Chemical reaction rates are also affected by pH changes (Millero, 2001b) (Millero et al., 1991; Millero, 2001a (Moffett and Zika, 1983; Sharma and Millero, 1988) .
As discussed earlier, iron in surface waters is needed for primary productivity. For phytoplankton to use iron, it must be dissolved (Davies, 1990; Rich and Morel, 1990) , making the bioavailability of iron a function of its solubility and oxidation state (Millero, 2001a) . Photochemical processes in ocean surface waters produce a number of free radicals that can change the oxidation state of a number of metals. The free radical O 2 -is produced by the adsorption of organic chromophores (Zika et al., 1985) :
Increasing evidence also shows the production of HO 2 by a wide range of microorganisms (Rose et al., 2008) . Millero (1987) Cu(II) and Cu(I) (Zafiriou et al., 1998; Voelker et al., 2000) .
The HO 2 radical can disproportionate and form hydrogen peroxide (Bielski, 1978) : HO 2 + HO 2 = H 2 O 2 + O 2 . (10) The rate of this reaction is a function of pH (log k = 12.28 -1 pH; Millero, 1987) . The concentration of HO 2 at a pH equal to 7.4 will be decreased by 30% compared to the value at a pH equal to 8. 
It can also oxidize dissolved organic material in seawater (Goldstone and Voelker, 2000) . The destruction of the HO 2 radical in surface seawater is thought to be affected by the concentration of Cu(II) (Zafiriou et al., 1998; Voelker et al., 2000) . :
As Figure 8 shows, the oxidation of Fe(II) is a strong function of pH. At 25°C, a decrease in pH from 8.1 to 7.4 will increase the half life of Fe (II) in seawater from 1 to 24 minutes . So, the decrease in pH of ocean waters should increase dissolved Fe and make it more available for primary production. In a CO 2 manipulation microcosm experiment, and toxicity of metals on marine organisms. We suggest how these pH changes can affect thermodynamic and kinetic processes in seawater. The impact these changes have on biogeochemical cycles in the ocean requires further study.
Coastal upwelling and oxygen minimum zones, which already have a pH around 7.4 (Feely et al., 2008) , would be useful areas to study in order to better understand how metals will behave under future ocean acidification scenarios. 
